Summary. IAEA-CU-2006-06 (ancient Chinese ceramic) has been analyzed by k 0 -INAA and the results for 31 elements are reported. Measurement on Si was done via the (n, p) reaction. The results of 23 elements are within ±10% of the target values and for 2 elements data are reported as information values. The results produce lower relative deviation if compared with the mean reported concentration values submitted by the laboratories participating in the proficiency test. The analysis involves full peak efficiency calibration of the HPGe detector for all counting geometries and characterization of neutron flux at the irradiation channel by determining thermal to epithermal flux ratio and epithermal flux shape factor using Au and Zr flux monitors. The u-score is less than 1 for majority of the elements.
Introduction
The determination of trace elements plays an important role in the characterization of living and non-living objects. Ceramics are polycrystalline inorganic objects made of fired clay. Chemical characterization of ceramics assists not only in the provenance studies but also in the differentiation of fake artefacts from the original ones. A large number of techniques are employed for the chemical characterization, which include; Fourier transform infrared spectroscopy [1] , X-ray diffraction, X-ray fluorescence [2] , scanning electron microscopy, proton induced X-ray emission [3] , neutron activation analysis (NAA) [4, 5] and inductively coupled plasma mass spectrometry [6] . NAA is a technique, which is considered the most reliable analytical tool for the determination of trace elements for provenance studies of prehistoric ceramic objects [7] [8] [9] . It has been employed for many decades in the analysis of ancient objects such as coins [10, 11] , pottery and ceramic artefacts [12] . No other technique offers such a high level of sensitivity and accuracy as provided by NAA [13] . The k 0 concept [14, 15] , introduced during 1970s, is a standardless quantification approach and today it has become a reliable analytical tool adopted by many laboratories. The k 0 -standardization requires an accurate characterization of irradiation and counting facilities and the use of composite nuclear constants *Author for correspondence (E-mail: mwasim@pinstech.org.pk).
known as k 0 -factors. The k 0 -factors are independent of reactor spectrum and of detector characteristics and are measured experimentally. Our laboratory at PINSTECH has also implemented this approach for miniaturized neutron source reactor (MNSR) [16] . The present paper discusses the use of k 0 methodology in the analysis of ceramic material.
Recently, International Atomic Energy Agency (IAEA) organised a proficiency test (PT) under the framework of IAEA CRP F.2.30.23 entitled "Application of nuclear analytical techniques to investigate the authenticity of art objects" [17] . Under this project ancient Chinese ceramic powder (IAEA-CU-2006-06) was distributed to the participating laboratories. Our laboratory also received the sample but did not participate in the exercise. We performed the k 0 -INAA later and the results are reported here. A comparison of our results with the target values (given by the originator) [17] as well as with the mean of the values reported by the participating laboratories [17] is given. In the past, NAA has been applied extensively for the analysis of ceramic materials but with relative standardization. The application of k 0 approach, however, has been so far limited to silicon carbide [18] and antique white marble artefacts [19] with more emphasis on provenance studies.
Experimental
A detailed description of the k 0 methodology can be found in [16] , which involves a careful characterisation of irradiation and counting facility. The irradiation facility characterization requires the determination of thermal-to-epithermal neutron flux ratio ( f ), epithermal neutron flux shape factor (α) and full peak efficiency calibration. The f and α were determined by using Al-0.1%Au wire (IRMM-530RC, Belgium, Geel) and Zr foil (99.9%, IRMM) and were calculated by programs written in Matlab ver. 6, which used function "lsqnonlin" [20] . The nuclear data used in all calculations were adopted from a recent tabulation by De Corte and Simonits [21] . In order to correct the contribution of threshold reactions, the thermal-to-fast neutron flux ratio ϕ Th 51 Cr and 137 Cs point sources. Full peak efficiency calibration curve of the detector used in this study covered the energy range of 59 to 1408 keV.
Chinese ceramic weighing around 100 mg was wrapped in a small piece of clean paper and packed inside a polyethylene (PE) capsule (16 mm dia, 52 mm length) along with the Au/Zr flux monitors. The capsule containing samples was sent for irradiation and the irradiated samples were transferred to pre-weighed clean PE capsules for counting. All irradiations were performed at Pakistan Research Reactor-2 (PARR-2), which is a 30 kW MNSR [16] . The reactor has 90% enriched uranium core (UAl 4 ), light water moderator and Be reflector. In the present study its channel "A2" was selected for irradiation. All γ -ray activities were determined with a p-type coaxial HPGe detector (Eurisys Mesures, France) coupled through a 570 Ortec resistive-feedback spectroscopy amplifier to Trump PCI 8k ADC/MCA card with GammaVision-32 ver. 6 software (Ortec). The detector has 60% efficiency relative to NaI(Tl) (76 × 76 mm) scintillation detector and a FWHM of 1.95 keV at 1332 keV γ -ray of 60 Co. The ADC is of successive approximation type with sliding scale linearization with 9 µs dead time per event including memory transfer.
Au/Zr monitors were co-irradiated with Chinese ceramic samples except in the determination of Al, where the monitors were irradiated immediately after sample irradiation for a longer time. The experimental procedure developed 
Results and discussion
A total of 31 elements were determined by k 0 -INAA, and Si, was quantified via the 28 Si(n, p) 28 Al reaction. The iden-tified radionuclides are shown in Table 2 together with the scheme number, gamma line selected in quantitative analysis and the interferences observed. The gamma line selected for a particular case was either the most abundant one or the line with good combination of peak area and freedom from spectral interferences. Our measured concentration results are given in Table 3 . They are compared with the concentrations given by the originator [17] 
In %RD mean target value has been replaced by the mean of the acceptable reported values. On the basis of the %RD target , the elements can be divided into three groups with respect to the level of deviation of the measured value for each individual analyte. i) %RD target < 5%: 13 elements (Ba, Co, Cr, Dy, Fe, Mg, Nd, Si, Sm, Ta, Tb, U, Yb). 
1.01 ± 0.14 0.95 ± 0.04 6.3 0 .92 ± 0.12 ii) %RD target upto 10%: 10 elements (Al, Ce, K, La, Na, Rb, Sc, Ti, V, Zn). iii) %RD target > 10%: 7 elements (Cs, Ga, Hf, Mn, Sb, Th, W).
The largest deviation was found for Hf (about 17%). In this study 181 Hf was quantified using three gamma lines (133, 345.9 and 482.2 keV). Since Hf has not been reported by any other laboratory participating in the PT, our values can not be compared with the results produced by others. The standard deviation of 5.6% calculated by the three lines described above, relative to the target value, shows a good precision in the data. Similarly Sb, quantified using two gamma lines, showed 11.6% RD target and 8% standard deviation. It was not reported by any other laboratory in the PT.
The second largest deviation (RD target ) of 15% was observed for Cs. In this study we used three gamma lines for its quantification (see Table 2 ). The results produced by all peaks show reasonable precision of 2.3%. On comparing our concentration with the mean concentration of the reported values, it reveals only 1.1% RD mean , which is a good agreement between our values and the mean reported values. In the PT the concentrations of Cs have been reported by 11 laboratories and all of them have used INAA techniques.
Similarly, each of Ga, Mn, Th and W were identified using two gamma lines, resulting in high RD target (> 10%) but low RD mean (< 10%). It can be seen in Table 2 , that there is no interference, spectral or nuclear, at the gamma lines of these elements. The agreement between our values for these elements and the mean reported values is excellent. Moreover, our measured values in all cases produced good precision. It would be important to note that in PT, the concentration of Ga was reported by 6 laboratories (INAA: 3, XRF: 2 and PIXE: 1), Mn by 18 laboratories (INAA: 6, XRF: 6, PIXE: 2, ICP: 2 and PGAA: 1), Th by 13 laboratories (INAA: 11, PIXE: 1 and XRF: 1) and W by 4 laboratories (INAA: 3, PIXE-INAA-XRF: 1). In this paper, we have provided also the concentrations of As and In as information values. As shows good agreement with the information value provided in IAEA/AL/168 report [17] .
There are other statistics used for the evaluation of the results, among various are the z-and u-score. The z-score does not take into account the measurement uncertainty but u-score include the measurement uncertainty. In our study we have determined the u-score; it is defined as [23] u = Our value − Target value
The calculated u-scores are presented in the last column of Table 3 , where it is less than 1 in most of the cases, except for Mn and Th. This shows a good agreement of our results with the target values for majority of the elements. In summary, the data exhibit that 20 elements have been quantified with less than 10% absolute error relative to the target values and with less than 10% relative standard deviation, which reflects good accuracy and good precision of the method. The u-score also indicates good accuracy of the method for majority of the elements.
Conclusions
In the present study, k 0 -INAA has been applied successfully to the analysis of ancient Chinese ceramic using MNSR at PINSTECH. The method implementation requires a well characterized irradiation facility; efficiency calibrated detector, a reliable peak area determination method and absence of spectral and other interferences caused by nuclear reactions. The k 0 -standardization produced 23 results within ±10% and only two results with > ±15% of the target values. A comparison with the mean of the reported values, however, produces 25 results within ±10% and only two results having high error with a maximum relative deviation of − 12.7%. The u-score calculated for most of the elements are in good agreement with the target values, showing a good accuracy of the method.
